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Divertor thermal load is one of the significant problems for a tokamak fusion device, and reduction of the
thermal load is required. An application of a Cusp-Type Direct Energy Converter (CuspDEC), which is the
device for D-3 He fusion power generation to separate charged particles and convert their energy directly into
electricity, was proposed to mitigate the heat flux of the divertor plasma. In order to install the CuspDEC in
the narrow divertor region, a small-size CuspDEC simulator equipped with permanent magnets (PM-CuspDEC)
was constructed to demonstrate divertor simulation experiment in GAMMA 10/PDX, and the performance of
charge separation was examined. On one hand, development of measurement technology of heat quantity was
also researched. A new calorimeter (CM) made for suppressing heat transmission has newly been manufactured
to measure the small energy of end-loss flux in GAMMA 10/PDX experiment. The CM consists of a copper plate
and thermocouples and can measure heat quantity and an inflow current simultaneously. The composed new CM
is installed in the PM-CuspDEC, and its performance is investigated. A helium ion is used in the experiment of
measuring heat quantity. The CM has successfully worked and measured the slight variation of the temperature.
c 2018 The Japan Society of Plasma Science and Nuclear Fusion Research
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1. Introduction
In a tokamak fusion reactor, the surfaces of divertor
plates are exposed to a large thermal load estimated to exceed 10 MW/m2 , and to reduce the thermal load of divertor
plates is one of the significant subjects. An application of
Cusp-type Direct Energy Converter (CuspDEC) was proposed as a method to reduce the energy of divertor plasma
[1]. The CuspDEC was originally proposed for D-3 He fusion power generation, by which charged particles were
separated and their energy was directly converted into electricity [2]. Although the conventional CuspDEC is focused
on cylindrical geometry, it can also be applied to Tokamak
devices. For example, one of the possible ways to create
the cusp magnetic field is to add coils under the divertor
region just like snowflake divertor. When the CuspDEC
is installed in the divertor, ions and electrons of the divertor plasma are separated by cusp magnetic field, and
they flow into individual divertor plates. The thermal load
could be mitigated due to deceleration by appropriately biased divertor plates according to each particle’s energy and
polarity.
In order to realize this approach, the CuspDEC should
be settled at the divertor region, so miniaturization of the
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device was studied because divertor region was narrow.
Permanent magnets (PMs) were employed [3], and a small
size simulator (PM-CuspDEC) was constructed for divertor simulation experiments on GAMMA 10/PDX [4, 5]. In
the test experiments of the PM-CuspDEC, however, the
performance of charge separation in the device was not
enough, and some revisions such as increasing the number of magnets and designing a coil-based structure [6]
were examined. On one hand, development of measurement technology of heat quantity in the CuspDEC system
was also researched. In GAMMA 10/PDX experiments, an
initial stage will be performed by using usual end-loss flux
of GAMMA 10/PDX. The energy of the end-loss flux is
much smaller compared with that of E-divertor, so high
sensitivity is required for the heat sensor. A prototype
calorimeter (CM) was manufactured, which had a function to measure an inflow current simultaneously. It was
tested by using a high energy ion beam, and it was also
demonstrated that the thermal load was reduced by applying deceleration field [7].
In this paper, we developed a new CM following to
the research of Ref. 7. The new CM is designed to improve sensitivity by suppressing heat transmission. The
composed new CM is installed and tested for investigating
its behavior by using a helium ion in the PM-CuspDEC.
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2. Experimental Setup
2.1

PM-CuspDEC experimental device

The PM-CuspDEC experimental device is schematically shown in Fig. 1, which shows radial-axial planes.
Plasma flows along with axial direction. As shown in this
figure, the device consists of two magnetic coils, A and B,
and four cylindrical permanent magnets, and a CM. The
CM is installed at the downstream of the device. The CM
has a function to measure not only heat quantity but also an
inflow current simultaneously. The principle of measurement is described in Sec. 2.2. The coil currents IA and IB
have the same direction. The magnetic field created by IA
is used for plasma production and has a function to guide
the plasma to the downstream of the device. The coil current IB also creates a magnetic field. There exist two cusp
magnetic fields at both ends of the magnet. When the magnetic field by the appropriate coil current IB is superposed
on those cusp fields, the cusp of the upstream is cancelled,
and that of the downstream still remains. The typical structure of magnetic field in the PM-CuspDEC is shown in
Fig. 2. Electrons are deflected by the cusp magnetic field,
while ions go straight. The shape of the magnetic fields
and the orbit of particles can be controlled by changing IB .
The used gas for the experiment of measuring heat
quantity is helium. The plasma is generated by the RF
power source operated by a continuous pulse with a duty
ratio of 0.5. The helium ions are extracted by an extraction
voltage Vex applied to the extraction electrode and reach
the CM, when Vex determines the energy of the ion. A DC
bias voltage Vbias = −50 V (fixed) is applied to the CM to
collect the ions and reflect the electrons.

2.2

Fig. 1 Schematic image of the PM-CuspDEC experimental device.

Fig. 2 The typical structure of magnetic field in the PMCuspDEC.

Calorimeter

In GAMMA 10/PDX experiments, the end-loss flux
will be used. The energy of the end-loss flux is smaller
compared with that of E-divertor. So, heat sensor requires
high sensitivity. A prototype CM was manufactured and
was investigated its behavior by using a high energy helium
ion beam [7]. Since the CM is observing a temperature of
the target plate, thermal losses should be considered. Ref. 7
shows that the loss of the energy increases approximately
6 mW as the temperature diﬀerence rises by 1 kelvin. In
the PM-CuspDEC, a new CM which is more sensitive to
temperature change than the prototype one is needed because the energy of the incident heat flux is estimated to be
on the order of 1 mW. It has been assembled to suppress
heat transmission.
The schematic design of the CM is shown in Fig. 3.
The new CM consists of a copper target plate, a thermocouples (TC) of chromel-constantan (E-type), and a nylon
spacer. The TC with SUS sheathe is attached to the center of the copper target plate and fixed by the nylon spacer.
The contact area between the copper plate and the spacer
is made as small as possible for suppressing heat transmission. The maximum temperature of the measurement

Fig. 3 Schematic image of the calorimeter.

limit is the melting point of the nylon spacer. As a result,
in later experiments, the maximum incident energy is limited to 0.4 W. However, this value can be varied depending
on the material of the spacer. The TC is ungrounded one,
i.e. the hot junction end is electrically isolated from the
SUS sheathe. Since the introduction terminal of the TC
is attached on a insulation flange, the sheath is floated to
the vacuum chamber. Since the sheathe is extracted to atmosphere, it is possible to measure the temperature of the
target plate and the inflow current Iin . Figure 4 shows a
constitution of measurement circuit. The ions flow into the
target plate pass through from the sheathe to a ground path.
They are measured as an inflow current Iin . When there is
a temperature diﬀerence between the hot junction and the
reference junction, which is inside the isolation amplifier
in Fig. 4, the TC produces a temperature-dependent volt-
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Fig. 5 (a) Considered thermal paths for calculating the conductive heat loss. (b) Simplified model of the nylon spacer in
the calculation.
Table 1 Physical properties used in the calculation.

Fig. 4 Constitution of measurement circuit.

Material
TC
Nylon 1
Nylon 2

age (electromotive force). The voltage is interpreted in a
diﬀerent circuit from the path of the inflow current to measure temperature T .

3. Evaluation of the Heat Quantity in
the PM-CuspDEC
3.1

Incident and detected rate of the heat
flow

When the ions bombard the target plate, the energy
of the ions is given to the target plate and the temperature
of the target plate increases. In this paper, the results are
evaluated by the rate of heat flow due to the variation of
temperature.
Assuming total kinetic energy of the ions is converted
into heat energy, the incident rate of the heat flow Q̇in from
ions is evaluated simply; taking a product of the energy of
ion and an inflow current as the following:
Iin
,
(1)
2
where Iin is divided by 2 due to the RF power source is
operated by a continuous pulse with a duty ratio of 0.5. The
thermal energy depending on the ion temperature can be
neglected since the ion temperature is much smaller than
(Vex − Vbias ).
Next, assuming the temperature distribution of the target plate can be neglected, the detected rate of heat flow
Q̇det is also evaluated simply according to time variation of
the temperature of the target plate as the following:
Q̇in = (Vex − Vbias ) ·

ΔT
dT
∼ ρcV
,
(2)
dt
Δt
where ρ, c, and V are density, specific heat capacity, and
volume of the copper target plate, respectively, Δt is the
length of time when the CM is exposed to ions, and ΔT is
the variation of temperature before and after exposure. In
this experiment, Δt is equal to be 60 seconds.
Q̇det = ρcV

3.2

Conductive and radiative losses of the
rate of heat flow

Although the new CM is made to suppress the heat
transmission as much as possible, the heat losses must be
considered: the thermal conduction and radiation. They
could be calculated according to several theorems. The

k [Wm−1 K−1 ]
40
0.22
0.22

A [mm2 ]
0.79
12.56
28.26

L [mm]
500
5
45

conductive heat loss Q̇conductive is evaluated by the following equation based on the law of heat conduction known as
Fourier’s law, so Q̇conductive can be obtained by
Q̇conductive = C · (T − T 0 ),

(3)

where C is the thermal conductance calculated by thermal
conductivity k, cross sectional area A, thickness L of a thermal path, and T 0 is the temperature of the vacuum chamber.
It is determined by the temperature at the start of experiment and defined as constant. Thermal paths of the conductive heat loss considered in the calculation are shown
in Fig. 5 (a). The heat flux travels from the target plate to
the TC and the spacer in parallel. The physical properties used for the calculation, like thermal conductivity are
listed in Table 1. A part of the spacer in the thermal path is
calculated as a simplified model that two nylon cylinders
are connected in series as shown in Fig. 5 (b).
The radiative heat loss can be evaluated by StefanBoltzmann’s law given as the following equation:
Q̇radiative = εS σ (T 4 − T 04 ),

(4)

where ε is an emissivity factor, S is the radiating surface
area of the target plate, σ is the Stefan-Boltzmann constant. The total heat loss is given by the following equation: Q̇loss = Q̇conductive + Q̇radiative .

4. Experimental Results
When the CM is exposed to helium ions, the inflow
current Iin is measured and the temperature T of the target
plate increases with the exposure time as shown in Fig. 6.
In the experiment, the exposure time is set to be 600 seconds. T and Iin are measured in every 60 seconds. The
extraction voltage Vex is set to be 200 V and 100 V. The
measurement with floating extraction electrode is also carried out, when the measured floating voltage is used as Vex .
The incident and detected rate of heat flow during 60 seconds are obtained by Iin and T according to equations in
Sec. 3, and their averages are calculated respectively. The
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Fig. 6 The schematic image of time evolution of the inflow current and the temperature depending on the exposure time.

Fig. 8 The detected rate of heat flow from the experiment with
the estimated heat loss vs. the incident rate of heat flow.

evaluation, they should be taken into account.

5. Conclusion

Fig. 7 The detected rate of heat flow vs. the incident rate of heat
flow.

In order to measure the heat quantity in the PMCuspDEC, a new calorimeter (CM) was manufactured and
tested by helium ions. It was designed to improve sensitivity by suppressing heat transmission. Experimental results indicated that the new CM worked successfully, and
detected the small variation of temperature. Taking heat
losses into account, the loss of the rate of heat flow was
much smaller compared with the detected rate of heat flow.
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